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1.0  SUMMARY 

Durirg  this  report  perio-'  a.-iother  oarameter  has 
been  included  in  the  study  of  Pulse-jet  engines  n.v  r’-^ens  of 
the  Pulse-Jet  Analog. 

Report  No.  RR-19  has  described  ttie  circuits  and 
techniques  vhlch  are  used  In  the  tests.  Fig.  /l,2-l  of 
that  report  should  be  revieved. 

The  present  studies  have  Included  Frequency  as  a 
variable  parameter.  Pulse  Length  and  Valve  Forward  Resistance 
are  also  shown  as  variable  parameters.  Techniques  of  operat- 
ing the  Analog  have  been  improved  as  well  as  methods  of 
presenting  data.  It  Is  found  that  pulsing  frequency  Is  a very 
important  factor  in  the  system,  and  that  t/tie  optiinum  frequency 
for  an  engine  having  low  valve  resistance  Is  very  different 
as  compared  with  one  having  high  valve  resistance. 
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2.0  INTRODUCTION 


This  report  describes  work  accomplished  on  item 
1,7  of  Exhibit  A,  Supplementary  Agreement  No.  of  Contract 
AF33(600)-5B60  during  the  months  of  October  and  November,  1953. 

This  is  the  second  report  to  be  submitted  describing 
the  use  of  the  Pulse-Jet  Analog  as  a design  tool  for  development 
purposes.  The  report  is  submitted  by  the  American  Helicopter 
Co.,  Inc.,  describing  the  study  program  being  conducted  by 
Paul  S,  Veneklasen,  Consultant  in  Acoustics. 

The  work  was  carried  out  and  Is  reported  by  Paul  S. 
Veneklasen,  and  stafi'  members  W,  B.  Snow,  G,  F.  Brockett, 

M,  0.  Ilerwlck,  and  D„  E,  Talbert, 
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The  tests  described  in  this  report  were  designed 
to  show  the  effect  of  pulse  frequency,  pulse  length  and 
valve  resistance  upon  Thrust,  and  Specific  Thrust.  The 
same  circuit  configuration  was  employed  as  for  the  tests 
described  in  Report  No,  RR-19  for  September,  1953.  Fig. 

No,  3.1  illustrates  the  effects  for  a single  pulse  length 
and  valve  forward  resistance  for  a range  of  pulse  frequencies, 
from  150  cp3  to  1050  cps.  At  the  lowest  frequency  the  p\alse 
energy  is  completely  dissipated  some  time  before  the  next 
pulse  arrives;  at  the  highest  frequency  the  Line  is  driven 
at  its  fundamental  quarter-wave  resonant  frequency.  As  in 
the  previous  report,  each  figure  shows  the  Source  Current, 

Line  Input  Voltage,  Valve  Input  Current  and  Line  Output 
Current  for  a particular  pulse  frequency,  arranged  in  a 
vertical  pattern  which  shows  the  time  relationships  accurately. 

For  example,  consider  Fig.  3,1-B,  for  a pulse 
frequency  of  250  cps.  Pulse  length  was  generated  by  a 1,0 
henr>'  Inductance  and  a ,022  mf  condenser  and  Valve  Forward 
Resistance  was  650  ohms.  The  top  wave  form  shows  the  imposed 
input  pulse  of  Cource  Current,  always  adjusted  to  a peak 
amplitude  of  7 milllamperes , Note  that  the  ‘Irest*  portion  of 
the  curve  is  .8  division  below  the  reference  axis,  an  adjust- 
ment made,  as  described  in  RR-19,  to  achieve  zero  average 
dc  current  into  the  Line,  This  means  that  the  area  under 
the  positive  spike  above  the  reference  line  is  equal  to  the 
area  betv;een  the  wave-form  and  reference  line  during  the 
rest  portion. 

The  Thrust,  given  by  the  second  wave-form,  is  the 
voltage  generated  across  tnt  Line  input  by  the  Sour'^e  c-iirrpnt 
pulse  shown  by  the  large  positive  spike,  and  by  reflected 
current  due  to  wave  action,  shown  by  the  oscillating  damped 
wave  train  below  the  reference  axis.  In  this  example  the 
wave  is  almost  completely  damped  at  the  time  of  the  next 
pulse.  Average  thrust  is  the  average  of  the  positive  ana 
negative  portions  of  this  curve;  although  the  negative 
phase  lasts  longer  than  the  positive  pulse,  the  positive 
area  is  greater  and  positive  net  thrust  is  obtained. 

It  should  be  observed  that  the  positive  spike  of 
Line  Input  Voltage  is  essentially  in  phase  with  the  Source 
Current  pulse.  This  is  because  the  Line  presents  Character- 
istic Resistance  to  a short  pulse  when  it  is  at  rest,  even 
though  its  impedance  elements  are  essentially  reactive,  and 
accepts  energy  from  the  Source  for  transmission  down  the 
Line,  In  this  case  the  ratio  of  peak  voltage  to  peak  current 
is  4300  ohms  - essentially  theoretical  Characteristic  Resist- 
ance , 
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The  third  wave-form  shows  Valve  Input  Current. 

The  short  flat  portion  just  preceding  the  first  negative 
spike  represents  the  time  during  the  input  pulse  when  the 
diode  valve  is  closed.  When  the  input  pulse  is  over, 
reflected  negative  voltage  arrives  after  a round  trip  down 
the  Line  and  back,  as  shown  by  the  Line  Input  Voltage.  Tills 
causes  the  valve  to  open  and  current  flows  into  the  Line, 
which  is  proportional  to  tue  negative  position  of  the  Line 
Input  Voltage.  This  current  Is  in  phase  with  the  voltage,  and 
represents  loss  of  energy  in  the  650  ohm  valve  resistance. 


At  the  bottom  appears  the  wave-form  of  the  Line 
Output  Current.  The  first  positive  spike  is  the  current 
resulting  from  the  arrival,  at  the  output  end  of  the  Line,  of 
the  original  Source  Current  pulse,  one-quarter  of  a fundamental 
period  later.  This  spike  is  reflected  as  a negative  pulse 
which  is  the  first  negative  spike  of  Line  Input  Voltage,  and 
since  the  valve  Impedance  is  below  Characteristic,  this  is  in 
turn  inverted  upon  reflection.  Consequently,  the  second  spike 
of  Line  Output  Current  is  in  the  same  direction  a«  the  first 
one  and  represents  the  arrival  of  the  first  reflection  from 
the  valve  end,  three-quarters  of  a fxindamental  period  after 
the  Source  Current  Pulse,  The  reflections  succeed  each  other 
until  the  pulse  energy  has  been  dissipated. 


Other  pictures  in  this  series  illustrate  conditions 
when  higher  pulse  frequencies  are  employed.  Interactions 
occur  between  original  and  reflected  pulses.  They  will  be 
disciiRsed  after  pr-esentatlon  of  some  intermediate  data,  but 
two  pictures  should  be  inspected  in  preparation.  In  Fig.  3«2A 
the  Line  Input  Voltage  is  shown  for  the  same  conditions  except 
that  valve  resistance  is  2000  ohms.  It  will  be  seen  that  the 
oscillations  are  redxiced  essentially  to  zero  in  a shorter  time 
than  for  650  ohms,  since  this  picture  was  taken  at  a pulsing 
frequency  of  400  cps„  Fig,  3*3-^  is  again  for  the  650  valve 
resistance  except  a very  short  pulse  is  used;  the  action  is 
essentially  the  same  as  before,  although  there  are  evidently 
small  secondary  oscillations,  caused  by  high  frequencies 
characteristic  of  this  limiting  pulse  length. 

Using  conditions  exemplified  by  the  photographs, 
two  sets  of  data  were  taken,  varying  different  pai^ameters, 
and  shown  in  Figs,  3*4,  3«5>  3o6  and  recox-ded  in  ..able  3.7* 
These  are  plots  of  Thrust  and  Specific  Thrust  as  functions 
of  pulse  frequency,  where  Specific  Thrust  is  the  average 
Line  Input  Voltage  divided  by  Total  Source  Current, 
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Figure  3«^  illustrates  the  effect  of  pulse  frequency 
on  Thrust  for  the  constant  ’’mediuai"  pulse  width  (L=loO  hy, 
0=0,022  uf)  as  used  in  the  previous  extended  series  of  photo- 
graphs, where  Valve  Forward  Resistance  is  the  parameter  on 
the  curves. 


At  very  low  pulse  frequencies  the  Thrust  rises  in  a 
smooth  curve.  In  this  region  the  oscillation  decays  completely 
between  pulses,  so  that  average  Thrust  depends  only  on  how 
often  a pulse  occurs.  It  is  apparent  that  Thrust  increases 
for  lower  values  of  valve  resistance,  as  pointed  out  in 
Report  RR-19.  Primarily,  this  is  because  of  the  reduction 
in  the  negative  pressure  across  the  valves,  which  produces  a 
negative  Thrust, 

At  the  bottom  the  curve  for  4000  ohms,  essentially 
characteristic  impedance,  is  smooth  and  reaches  a bread  maxi- 
mum near  the  fundamental  resonance  of  the  quarter-wave  Line, 

In  this  case  most  of  the  reflected  energy  is  absorbed  in 
valve  resistance  on  the  first  reflection,  so  that  the  wave 
action  is  small.  The  high  valve  resistance  causes  a large 
negative  voltage  loop,  which  subtracts  from  the  positive  spike 
and  causes  the  low  value  of  Thrust.  As  the  l(alvc  Srssistance 
is  lowered,  less  energy  is  dissipated  in  it  and  Thrust 
Increases  as  the  other  curves  demonstrate.  The  wave  motion 
is  greater  since  the  reflections  are  loss  damped. 

As  the  pulse  frequency  increases,  the  curves  begin  to 
show  maxima  and  minima,  which  increase  in  amplitude.  They 
also  level  off.  These  effects  are  caused  by  the  particular 
phase  relation  between  the  pulse  and  the  reflected  wave  motion 
in  the  Line  at  the  time  of  pulsing.  When  the  Line  voltage  is 
highly  negative  at  the  instant  the  pulse  tries  to  drive  it 
positive,  a smaller  peak  Thrust  results  and  consequently 
smaller  average  Thrus^, 

In  Fig,  the  oscilloscope  traces  in  Fig,  3.1  are 
associated  with  noints  along  the  curve  of  650  ohms  valve 
resistance,  and  those  of  Fig.  3.2  are  associated  with  the 
curve  for  2000  ohm  valve  resistance. 

Although  we  propose  to  limit  ourselves  in  this 
report  to  presentation  of  data,  it  is  interesting  to  note 
that  the  frequency  of  greatest  Thrust  for  a high  valve 
Impedance  (this  is  the  frequency  of  quarter-wave  resonance 
of  the  Line,  and  the  frequency  at  which  present  engines  appear 
to  operate)  is  the  frequency  of  minimtam  Thrust  when  a lower 
value  of  Valve  Forward  Resistance  is  used.  Note  especially 


that  the  curves  for  Fig,  3.2-2  in  Report  RR-19  were  all  for 
this  frequency.  It  Is  now  clear  that  the  Imnrovements  In 
performance  which  were  predicted  there  were  based  Tipon  the 
least  favorable  operating  condition  for  the  engine  with  low 
Impedance  valves. 

In  Fig,  3,5  the  curves  of  Fig,  3,4  are  replotted  In 
terms  of  Specific  Thrust,  This  is  done  for  the  following 
reason:  The  Analog  is,  in  each  case,  adjusted  for  a constant 
value  of  peak  source  current.  This  means  that  the  Total 
Source  Current  will  depend  upon  the  pulse  length.  Also,  for 
a given  pulse  length  and  peak  current,  all  pulses  are  identical. 
Therefore,  the  Total  Source  Current  will  be  proportional  to 
frequency  - l,e.  the  number  of  pulses  per  second.  Hence  the 
curves  of  Fig,  3.^  have  inherently  a variable  Total  Source 
Current,  l,e,  equivalent  of  a variable  fuel  flow.  This 
variable  must  be  taken  out  in  order  to  present  performance  in 
a significant  light.  The  graph  of  Fig,  3.5  shows  the  varia- 
tion in  performance  to  be  expected  with  a constant  rate  of 
fuel  flow.  As  compared  with  the  performance  at  1000  cps  and 
a high  valve  resistance,  the  potential  improvement  would  seem 
to  be  startling  with  the  use  of  low  Valve  Forward  Resistance 
and  low  operating  frequency.  This  implies  the  use  of  controlled 
fuel  injection. 

The  curves  of  Figs.  3.4  and  3.5  have  been  for  a con- 
stant, medlijim  value  of  pulse  length.  Since  pulse  length  is 
also  considered  to  be  a factor  of  considerable  importance,  the 
study  of  this  parameter  of  the  system  was  also  undertaken  as 
a function  of  frequency.  As  noted  in  the  previous  paragraph, 
when  the  pulse  length  is  varied,  keeping  a constant  peak 
current,  the  results  are  not  readily  interpreted  as  Specific 
Thrust.  Accordingly,  the  conversion  of  the  data  to  Specific 
Thrust  was  accomplished  In  the  presentation  of  tne  resullti 
in  Fig,  3.6,  Furthermore,  although  data  for  short  pulses  at 
low  frequency  v$s  taken,  the  meter  readings  became  too  small 
for  good  accuracy.  Although  they  are  shown  in  Table  3.7»  s\3ch 
results  are  not  included  in  the  graph  end  will  require  further 
study  with  more  sensitive  meters. 

It  is  readily  apparent  that  the  shorter  pulse  lengths 
do  provide  improved  performance  of  the  Analog  for  the  low 
value  of  Valve  Forward  Resistance  of  650  ohms.  It  is  also 
clear  that  the  frequency  of  1000  cps  used  for  the  study  in 
RR-19  was  not  favorable  for  this  operating  condition,  because 
very  much  larger  values  of  Specific  Thrust  are  achieved  at 
neighboring  frequencies. 
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4.  0 CONCLUSIONS 


A,  It  has  been  shown  that  the  driving  pulse  frequency 

is  a very  important  parameter  in  Pulse-Jet  performance, 

B,  For  an  engine  having  high  Valve  Pbrward  Resistance, 

as  we  Judge  the  present  engines  -co  have,  the  frequency 
for  maxlm’'^  Specific  Thrust  is  equal  to  the  quarter- 
wave  resonant  frequency  for  the  tube,  or  electrical 
line  In  the  case  of  the  Analog,  For  such  an  engine 
the  performance  peak  is  very  broad, 

C,  For  an  engine  having  a low  value  of  Valve  Pbrward 
Resistance  the  performance  is  minimum  at  the  quarter- 
wave  frequency.  There  are  many  frequencies  of  high 
performance  Indicating  that  there  are  several  strong 
resonant  modes  to  which  the  system  will  respond. 

The  performance  in  all  these  modes  far  exceeds  that 
of  the  high  resistance  engine,  A frequency  of 
operation  can  he  chosen  which  gives  the  desired 
compromise  between  maximum  Thrust  and  maximum 
Specific  Thrust,  depending  upon  whether  economy  or 
or  thrust  to  weight  ratio  Is  of  greater  Importance, 

In  fact,  with  an  engine  operating  on  an  imposed 
frequency  cycle,  as  with  fuel  injection,  a high 
pulse  frequency  could  he  used  for  periods  requiring 
highest  performance,  and  a lower  frequency  could  be 
used  for  periods  of  cruising  where  greatest  economy 
Is  desired, 

D,  The  strength  of  the  resonant  modes  depends  upon  the 
valve  resistance  and  the  pulse  length.  It  Is  shown 
that  the  resonance  Is  improved  and  the  performance 
is  maximized  by  using  the  lowest  possiole  valve 
resistance  and  the  shortest  pulse  length, 

E,  The  present  study  has  been  limited  to  medium  piilse 
length,  but  it  seems  clear  that  when  technical 
development  permits  the  use  of  shorter  pulses,  even 
higher  values  of  Specific  Thrust  will  be  predicted, 

F,  The  present  report  is  limited  to  presentation  of 
data.  Further  data  showing  interpretation  and 
correlation  of  results  is  in  preparation. 
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PAGE 


AUlHORITYi 


PULSE  PULSE 

raEQ . LENGTH 
REG. PHOTO  CPS  XlO-3 


1 

54 

150 

2 

58 

250 

3 

62 

400 

4 

450 

5 

rH 

520 

6 

66^ 

600 

7 

125  . 

720 

8 

70  bO 

800 

9 

S3 

880 

10 

74 

1050 

11 

1220 

12 

150 

78 

400 

14 

520 

15 

600 

16  149,153720 


17 

<v  730 

18 

82  * 800 

19 

• 1050 

20 

1250 

21 

150 

22 
/V  >*1 

520 

J-f/% 

2^ 

(eio 

300 

25 

1050 

26 

2180 

27 

150 

28 

480 

29 

630 

30 

850 

31 

1050 

32 

14C>0 

VALVE 
B’ORWARD 
RESIST 
-ANCE 
ohms 


2000 


4000 


5000 


TOTAL 

SOURCE 

CURRENT 

ma 

.^O 

.59 

.97 

1.04 

1.09 

1.44 

1.63 

1.78 


INPUT 

VOLT. 

volts 

.12 

.18 

.235 

.28 

.24 

.27 


VALVE 

INPUT 

CURRENT 

and 

LINE 

OUTPUT 

CURRENT 

ma 

1.55 

2.57 

3.11 


3.65 

3.18 

3.51 


SPEC. 

THRUST 

ohms 


1.85 

.26 

l4l 

2.28 

.17 

2.41 

74 

2.52 

.255 

161 

.37 

.05 

.665 

135 

.98 

.12 

1.65 

122 

1.27 

.155 

122 

1.37 

.16 

2,22 

117 

1.66 

.18 

2.23 

108 

1.66 

.185 

111 

1.77 

,18 

2.51 

102 

2.30 

.165 

2.20 

72  1 

2.59 

.18 

69 

.38 

.02 

.396 

53 

1.24 

.09 

1.19 

72 

^ rf% 

T ro 

■ > W 

nr\ 

i J 1 

i!85 

a45 

1.87 

?8 

67 

2,32 

.155 

1.98 

3.32 

.00 

.072 

0 

1.17 

.075 

1.04 

64 

1.21 

.08 

1.08 

66 

1 .65 

.10 

1.30 

61 

2.22 

.15 

68 

2,66 

,16 

2,10 

60 

3.14 

ao 

1,37 

32 

(continued) 
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INPUT 

VOLT. 

volts 

REC. PHOTO 

PULSE 

FREQ. 

Ct)S 

PULSE 

lENGTH 

.tlO-3 

TABLE  3.7 
(coiitinuod) 

VALVE 

FORWARD  TOTAI, 

RESIST  SOURCE 

-ANCS  CURREMT 
ohms  ma 

VALVE 

INPUT 

CURRENT 

and 

LINE 

OUTPUT 

CURRENT 

ma 

SPEC. 

THRUST 

ohms 

33 

150 

.54 

200 

.24 

3.00 

602 

3^ 

268 

.67 

.30 

3.92 

450 

35 

280 

.32 

4.78 

450 

36 

300 

.82 

.32 

4.07 

389 

37 

320 

.824 

.33 

4,29 

400 

38 

350 

,88 

.31 

4.13 

352 

39 

380 

.944 

.33 

4.36 

350 

4o 

420 

1.05 

.305 

4.06 

290 

4l 

I46O 

1.11 

.35 

4.57 

315 

42 

535 

1.20 

.30 

3.96 

250 

43 

590 

1.41 

.35 

4.64 

248 

44 

720 

1.65 

.27 

3.61 

163  , 

4? 

800 

1.85 

.32 

4.42 

173 

46 

890 

2.07 

.33 

4,36 

260 

.47 

1060 

2.37 

.20 

2.76 

48 

1220 

2,62 

.30 

3.85 

114 

49 

1400 

2.74 

.27 

3.64 

98 

50 

1500 

3.03 

.30 

3.85 

99 

51 

2180 

3.^-4 

.04 

116 

52 

2500 

3.55 

.24 

68 

53 

150 

.6 

650 

.361 

\l2 

1.59 

333 

54 

250 

.149 

.195 

2.49 

300 

55 

400 

1.11 

.26 

3.38 

234 

56 

600 

1.48 

.29 

4.3U 

196 

57 

V2U 

•r  Q< 

.25 

^.14 

135 

58 

800 

2.07 

.26 

4.34 

125 

59 

1050 

2.55 

,19 

2-54 

74 

60 

150 

,4 

650 

.28 

.08 

\.13 

285 

61 

250 

«4if5 

.13 

1.75 

292 

62 

370 

.6lf3 

.195 

301 

63 

300 

.704 

.18 

2.38 

256 

64 

450 

.815 

.215 

264 

65 

520 

.839 

.20 

225 

66 

600 

• 

1.10 

.24 

3.19 

218 

67 

720 

1.26 

.19 

2.39 

151 

68 

qkjO 

1.39 

'^.2<5 

17'^ 

69 

1050 

1.85 

.155 

2.i4 

8^ 

70 

1220 

2.04 

.26 

127 

71 

1 "JO 

2,22 

• 25 

117 

72 

2.  0 

2.89 

.03 

10 

\ continued  / 
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( eontlrmed) 


VALVE 

INPUT 

CURRENT 


PULSE 

FREQ. 

^EC. PHOTO  CDS 

PULSE 

LENGTH 

xlO-3 

VALVE 

FORWARD 

RESIST 

-ANCE 

ohms 

TOTAL 

SOL’RCE 

CURRENT 

ma 

INPUT 

VOLT. 

volts 

and 

LINE 

OUTPUT 

CURRENT 

ma 

SPEC. 

THRUST 

OhlES 

73 

150 

.28 

650 

.222 

.06^7 

.86 

293 

7h 

250 

.342 

.10  ' 

1.36 

292 

7? 

’too 

.555 

.15 

1.9 

270 

76 

600 

.815 

.20 

2.61 

246 

7Z 

720 

.945 

.15 

159 

78 

800 

1.07 

.22 

2.9 

205 

79 

880 

1.18 

.23 

206 

80 

1050 

1.39 

.13 

1.70 

93 

81 

1240 

1.66 

.27 

165 

82 

1530 

2.04 

.27 

3.57 

132 

83 

150 

.17 

650 

.148 

.05 

.628 

33  B 

8^ 

250 

.231 

.08 

1.01 

3^+6 

85 

400 

.379 

.125 

1.58 

330 

86 

450 

.453 

.145 

321 

87 

600 

.564 

.17 

2.16 

301 

88 

710 

.67 

.110 

164 

89 

800 

.768 

.20 

2,52 

260 

90 

890 

.834 

.20 

1.44 

240 

91 

1050 

1.01 

.105 

104 

92 

1240 

I.l4 

.245 

3.13 

215 

93 

1420 

1.31 

.225 

172 

94 

1600 

1.39 

.25 

2.88 

180 

95 

2150 

n nO 

X 0 / 

.03 

504 

17 

?6 

ro 

• 

250 

.13 

650 

.0835 

.025 

2v8 

Iff  7 

00^ 

■’6'’ 

.045 

^,598 

268 

i §6 

bO 

600 

^24' 

.07 

.821 

292 

l?9 

90  s: 

800 

.298 

.10 

1.05 

335 
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NOTICE:  WHEN  GOVERNMENl’  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFTJIITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVSRNMEOT  THEREBY  HnCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  CTTHER  DATA  IS  NOl  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHER\^TSE  AS  IN  ANY  MANNER  UCENSING  THE  HOLDER  OR  ANY  OrHER 
PERSON  OR  CORPORATION,  OR  CON^/EYING  AirY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANt  WAY  BE  RELATED  THERETO. 
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